Compounds of Fe, Ti, and Sb were prepared using arc melting and vacuum annealing. Fe 2 TiSb, expected to be a full Heusler compound crystallizing in the L2 1 structure, was shown by XRD and SEM analyses to be composed of weakly magnetic grains of nominal composition Fe 1.5 TiSb with iron-rich precipitates in the grain boundaries. FeTiSb, a composition consistent with the formation of a half-Heusler compound, also decomposed into Fe 1.5 TiSb grains with Ti-Sb rich precipitates and was weakly magnetic. The dominant Fe 1.5 TiSb phase appears to crystallize in a defective L2 1 -like structure with iron vacancies. Based on this finding, a first-principles DFT-based binary cluster expansion of Fe and vacancies on the Fe sublattice of the L2 1 structure was performed. Using the cluster expansion, we computationally scanned >10 3 configurations and predict a novel, stable, nonmagnetic semiconductor phase to be the zero-temperature ground state. This new structure is an ordered arrangement of Fe and vacancies, belonging to the space group R3m, with composition Fe 1.5 TiSb, i.e., between the full-and half-Heusler compositions. This phase can be visualized as alternate layers of L2 1 phase Fe 2 TiSb and C1 b phase FeTiSb, with layering along the [111] direction of the original cubic phases. Our experimental results on annealed samples support this predicted ground-state composition, but further work is required to confirm that the R3m structure is the ground state.
I. INTRODUCTION
The ternary intermetallic Heusler compounds with compositions X 2 YZ ("full" Heusler) and XYZ ("half" Heusler) have been a subject of great interest in spintronics owing to the fact that many of them are predicted to be "half-metallic" ferromagnets [1] . The term "half-metallic" refers to the existence of a gap in the density of states at the Fermi level for one spin channel and not for the other, leading to the possibility of 100% spin polarization of the electron current. Additionally, many of these Heusler compounds have relatively high Curie temperatures, raising the possibility of high polarization at or above room temperature [1] [2] [3] [4] [5] .
We recently completed a first-principles study of over 500 candidate full-and half-Heusler compounds, with a view to identify unstudied materials that were predicted to be stable and half-metallic. After screening candidate materials identified by the first-principles study from an experimental point of view (e.g., toxicity, fabricability, homogeneity, possibility of decomposition into more stable binary compounds, etc.) and examining the available literature, we found a number of promising candidate materials [6, 7] . One of the most intriguing was Fe 2 TiSb, which was predicted by the calculations to have a negative formation energy and to be a (near) half-metal in the L2 1 structure. Perhaps surprisingly, a literature survey * nnaghibolashrafi@crimson.ua.edu found no reports of the magnetic and spintronic properties of this or related compounds. This made an inquiry into this metallurgical system potentially interesting, particularly as a test case for our methods of identifying new compounds. The study reported here examines the possibility of synthesizing Fe 2 TiSb and related compounds in a pure phase form, and a consequent analysis of their structural and magnetic properties. One of the interesting insights of our study based on a combination of theory and experiment is that Fe 2 TiSb may prefer to form as a naturally layered Heusler compound with layers of the full Heusler, Fe 2 TiSb, alternating with layers of the half-Heusler, FeTiSb. The predicted lowest energy phase with composition Fe 1.5 TiSb is a nonmagnetic semiconductor, consistent with experimental observations.
II. ELECTRONIC STRUCTURE OF STOICHIOMETRIC HEUSLER COMPOUNDS BASED ON FE, TI, AND SB

A. Full Heusler
Our first-principles survey included 180 prospective fullHeusler compounds in the L2 1 structure (composition X 2 YZ) and 378 prospective half-Heusler compounds in the C1 b structure (composition XYZ). The full results of this study and the details on the methods and parameters of the calculations are available on a website [8] . Among the potentially interesting systems that emerged from these studies are compounds of Fe, Ti, and Sb. Considering first the hypothetical Fe 2 TiSb compound in the L2 1 structure, we found it to be stable against decomposition into its constituent elements with an energy of formation of −0.264 eV/atom and a lattice constant of a = 0.604 nm. We also found it to be stable with respect to tetragonal distortion. The most stable magnetic configuration for this phase (considering ferromagnetic, ferrimagnetic, antiferromagnetic, and nonmagnetic configurations) is a ferrimagnetic ground state with saturation magnetization of approximately 1.00μ B per formula unit at T = 0 K. The magnetization is primarily on the Fe sites (0.69μ B ) but with a significant opposite (−0.31μ B ) moment on the Ti and a small (−0.03μ B ) moment on the Sb. The quoted moments are those within spheres of radius 0.145nm centered on each atom. The value of the calculated total moment (∼1.00μ B ) causes one to suspect that this solution to the DFT equations is a "Slater-Pauling phase."
We use the term "Slater-Pauling phase" to describe full and half-Heusler compounds that satisfy a generalization [9] [10] [11] of the rule first enunciated by Slater and Pauling [12] [13] [14] , which states that compounds based on the bcc crystal structure tend to have three electrons per atom in the minority-spin channel. For the Heusler half-metals, the generalization of the SlaterPauling rule is that there tends to be a gap in the density of states for one of the spin-channels with precisely three valence electron states per atom in the gapped channel below the gap. When there is a gap like this and when the Fermi energy falls in the gap, we will refer to the phase as a Slater-Pauling halfmetal. Often, there is a gap with three electrons per atom, but the Fermi energy falls just above or just below the gap. We refer to such phases as "Slater-Pauling near half-metals." Following this terminology, our DFT calculations predict L2 1 Fe 2 TiSb to be a Slater-Pauling near half-metal. It has a gap in the minority spin channel of 0.31 eV, as shown in Fig. 1 . The Fermi energy falls just below (0.05 eV) the edge of the gap so that the number of minority electrons is calculated to be 11.99915 rather than 12. Since the total number of electrons per formula unit is 25, there must be 13.00085 majority spin electrons yielding a moment of 1.0017 μ B per formula unit. A moment of exactly 1.0 μ B would have produced a Slater-Pauling half-metal. 
B. Half-Heusler
Subsequent to our survey of full-Heusler compounds, we completed a survey of the half-Heusler (C1 b ) compounds. We found that C1 b phase FeTiSb is also predicted to be stable relative to decomposition into its constituent elements and tetragonal distortions of its cell, with an energy of formation of −0.382 eV/atom and a lattice constant of 0.595 nm. The density of states of FeTiSb is shown in Fig. 2 . The lowest-energy magnetic configuration is predicted to be a Slater-Pauling near half-metal with a magnetic moment of approximately 1μ B per formula unit. FeTiSb actually has Slater-Pauling gaps in both spin channels. One, however, is quite close to the Fermi energy. The calculated Fermi energy is 0.11 eV below the gap in the majority channel, so that only 8.9775 states are occupied rather than the nine that would have been occupied had the Fermi energy fallen in the majority gap. FeTiSb has 17 valence electrons, so subtracting the 8.9775 majority electrons yields 8.0225 minority electrons for a predicted moment per formula unit of 0.955 μ B . This system is also predicted to be ferrimagnetic with moments of 1.3μ B on the Fe and −0.35μ B on the Ti. Half-heuslers typically have larger gaps than full-Heuslers. The calculated width of the Slater-Pauling gap is 0.85 eV.
III. EXPERIMENTAL
Based on the initial theoretical findings, we attempted to synthesize bulk samples of both the full Heusler Fe 2 TiSb and the half-Heusler FeTiSb. Stoichiometric ratios of pure elements Fe (Alfa Aesar, 99.98%), Ti (Alfa Aesar, 99.9%), and Sb (Alfa Aesar, 99.999%) were mixed together and melted using an Edmund Buehler Mini MAM-1 compact arc melting system under an ultrahigh purity Argon (99.999%) pressure of 0.02 Pa. A 10% excess of Sb was added to the initial melt to compensate for losses in the final ingot due to its higher volatility. A small piece of Ti was melted before all arc melting runs as an oxygen getter to avoid oxidization of the sample. Ingots were remelted at least five times to ensure the homogeneity of the material.
The samples from the arc-melter were cut and mounted for metallographic studies. A JEOL 7000 Field emission scanning electron microscope (SEM) was used for energy-dispersive x-ray spectroscopy (EDS) analysis to ensure that the chemical composition of the as-cast ingots had not deviated from the intended target stoichiometry. Samples for heat treatment were wrapped in Ta foil and sealed under vacuum in quartz tubes to avoid oxidation. These pieces were heat treated at various temperatures (400-1100
• C) and dwell times (1-15 days). From metallographic and x-ray diffraction analysis of the annealed samples, a treatment at 900
• C for 7 days and cooled in the furnace at approximately 70 degrees per hour appeared to result in the optimum L2 1 structure and granular microstructure for all cases.
The crystal structures of the annealed samples were studied using a Bruker D8 Discover X-Ray Diffraction (XRD) system with a monochromatic Co K α radiation. In order to minimize surface effects, the samples were mounted and polished, and rotated around the ϕ axis during the XRD measurement. Electron backscatter diffraction (EBSD) phase mapping using the JEOL 7000 FE-SEM system was additionally performed to affirm the structure determined from XRD. Simulated XRD patterns were obtained both by using the CARINE crystallography 4.0 software as well as by direct calculation to account for dispersive corrections to the atomic scattering factors [15, 16] , while the Rietveld refinement was carried out using the CRYSTAL IMPACT MATCH! software based on the FULLPROF algorithm [17] . The magnetic properties were measured using Quantum Design Physical Property Measurement System (PPMS) Dynacool with vibrating sample magnetometry (VSM) feature.
IV. EXPERIMENTAL RESULTS
A. Fe 2 TiSb
All of the as-cast Fe 2 TiSb samples heat-treated at 900
• C for soaking times of 3, 5, 7, or 9 days showed a single, mostly granular microstructure. Energy-dispersive x-ray spectroscopy showed the composition of the grains to be Fe 40 Ti 30 Sb 30 , with an uncertainty of ∼5% in the abundance of each element, and thus quite significantly different from the intended stoichiometry-in spite of the fact that the as-cast samples were essentially stoichiometric Fe 2 TiSb. Henceforth, we will refer to this nominal composition as Fe 1.5 TiSb for simplicity. Figure 3 shows an example of such microstructure and its relevant EDS result for a sample heat treated at 900
• C for 7 days. X-ray diffraction results on these samples, discussed further below, were consistent with a L2 1 phase alongside a small amount of an Fe-rich precipitate phase.
Since the stoichiometry of the grains deviated significantly from the initial as-cast composition of Fe 2 TiSb, we hypothesized that the bulk of the material was crystallized in the form of Fe 1.5 TiSb grains, while the remaining iron precipitated in the grain boundaries and disappeared at the etching stage (used to prepare the specimens for metallographic imaging). In order to test this hypothesis, we performed an EDS analysis of nonetched samples, and indeed found an overall composition of Fe 2 TiSb, consistent with the as-cast material and indicating a loss of iron after metallographic etching. X-ray diffraction The presence of all low-angle L2 1 peaks, i.e., (111), (200), and (220) effectively rules out the possibility of significant deviation toward a B2 or A2 disorder. If the (111) peak were missing or reduced, this would have indicated Ti-Sb mixing and generated a B2 structure, whereas a missing or reduced (200) peak would have indicated Fe-(Ti,Sb) mixing and generated the A2 (bcc) structure [18] [19] [20] . In fact, the (111) and (200) superstructure peaks are somewhat higher in intensity than expected compared to the (220) fundamental peak. The higher than expected values of intensities of the superlattice peaks could be attributed to surface effects and texture, or they could be indicative of the fact that the Fe 1.5 TiSb grains are not stoichiometric for a L2 1 structure. If we presume for the moment that we do not have a preferred texture in our samples, the trend of the x-ray diffraction intensities with Fe content can be readily seen. If we consider an Fe 2 TiSb compound in the L2 1 structure, with Fe at the 8c ( interest are [18] [19] [20] 
where f i is the total atomic scattering factor for element i. From this we can see that having less Fe than expected would reduce the (220) x-ray structure factor and increase the (200) structure factor (leaving the (111) structure factor unchanged), consistent with the XRD results. A more quantitative analysis, including the dispersive terms in the atomic scattering factors [15, 16] , does give a 111/200 intensity ratio similar to that observed using a nominal Fe content of 1.4-1.6 rather than 2.0. However, we stress that we cannot rule out a net preferred texture in our samples that would alter the relative XRD intensities. Indeed, this is likely the case given that the (220) peak intensity is still smaller than expected compared to the (111) and (200) peaks. Still, with the assumption that we have • C for 7 days taken by EBSD (b) the phase colormap scan shows 90% (red color) of the sample has a homogenous L2 1 structure with a lattice constant of 0.5967 nm.
no preferred texture, both qualitatively and quantitatively the XRD intensities do appear to be consistent with an Fe-deficient L2 1 Fe 1.5 TiSb compound.
In order to further substantiate the existence of the L2 1 structure, an EBSD phase map was performed. The phase mapping showing the L2 1 structure is shown in Fig. 5 . More than 90% of the microstructure is colored red which means that the material corresponding to an L2 1 phase with a lattice constant of 0.5967 nm is homogenous throughout the sample. This is further evidence that the grains are crystallizing in a cubic L2 1 structure. The remaining 10% of the sample is attributed to the Fe-rich phase precipitated at the grain boundaries, which are not evident in the EBSD maps. The fact that the dominant phase has a composition of approximately Fe 1.5 TiSb rather than Fe 2 TiSb expected for an ideal L2 1 compound points toward possible Fe vacancies.
Magnetic characterization of the as-cast Fe 2 TiSb sample heat treated for 7 days at 900
• C shows the sample has a ferromagnetic component with a small hysteresis, which does not completely saturate for the magnetic fields of up to 7200 kA/m (9 T) at 5 K, Fig. 6(a) . This behavior is suggestive of small ferromagnetic Fe-rich precipitates in a weakly paramagnetic matrix. We find the magnetization to be 27 Am 2 /kg at the maximum applied field of 7200 kA/m, with a coercivity of 2 kA/m. The ferromagnetic component would correspond to a very low magnetization for the dominant phase, but does agree well with ∼10% of the sample having approximately the same magnetization as bcc Fe (or a very Fe-rich phase). We hypothesize, therefore, that the magnetic behavior comes from a superposition of a small volume fraction (∼10%) of strongly ferromagnetic Fe-rich precipitates at the Fe 1.5 TiSb grain boundaries, and a large volume fraction of Fe 1.5 TiSb grains that are weakly paramagnetic. Temperature-dependent magnetization [ Fig. 6(b) ], measured at an applied( field of H = 80 kA/m during heating, is relatively uniform up to 400 K, consistent with most of the Fe-rich precipitate material being strongly ferromagnetic. The exception is a small upturn in the magnetization for temperatures below 10 K, which again could originate from weakly paramagnetic Fe 1.5 TiSb. It would be unusual for a bulk sample to exhibit such a large Curie temperature (apparently above 400 K) with such a small moment (approximately 10% the mass magnetization of Fe). This again suggests that the observed ferromagnetic component comes not from the bulk, but from the Fe-rich (nominally Fe 0.975 Ti 0.025 from the observed XRD peaks) precipitate material, from which we would expect a high Curie temperature and low coercivity. Interestingly, first-principles calculations (discussed below in Sec. V) for Fe 1.5 TiSb, close to the observed composition for the dominant phase, indicate that a nonferromagnetic ground state is indeed favored.
B. Fe 1.5 TiSb
Our observations during the synthesis of Fe 2 TiSb suggested that Fe 1.5 TiSb is, in fact, a more stable phase, a result corroborated by first principles calculations discussed in Sec. V. Given this, the Fe 1.5 TiSb compound seemed worthy of direct synthesis. As-cast samples were prepared in the same fashion as Fe 2 TiSb. After the Fe 1.5 TiSb samples were heat treated at 900
• C for 7 days, a single grain microstructure was observed. There were no signs of precipitates. Figure 7 shows optical and SEM micrographs. Energy-dispersive x-ray spectroscopy shows that the grains present in the sample have a nominal stoichiometry of Fe 1.44 TiSb 1.12 . Again, for simplicity, we will refer to this nominal composition as Fe 1.5 TiSb, and it appears that this particular phase is metallurgically stable in a wide range of iron doping within the Fe 1+x TiSb alloy system.
The XRD data, Fig. 8 , indicate the presence of a phase in an L2 1 structure with a lattice parameter of 0.5967 nm, which is in concordance with our observations for Fe 2 TiSb. This shows that there is a possible limit of solubility for iron at the Fe 1.5 TiSb composition, which is evidently the stable phase, and additional iron will be precipitated in the grain boundaries of the dominant L2 1 phase.
To perform further comparison between the diffraction pattern of Fe 2 TiSb and Fe 1.5 TiSb and verify the crystal structure, a selected area electron diffraction (SAED) analysis using a FEI Tecnai F-20 Transmission Electron Microscope (TEM) was performed. Results are shown in Fig. 9 . The diffraction of the Fe 2 TiSb sample showed patterns belonging to both bcc α-Fe and L2 1 phases, which is in accordance with our findings suggesting Fe precipitation in this compound. The   FIG. 8 . The XRD pattern measured using Co K α radiation of the Fe 1.5 TiSb compound. All peak positions can be attributed to an L2 1 structure with a lattice constant of 0.5967 nm.
FIG. 9. (a) A SAED ring pattern of Fe 2 TiSb sample after heat treatment at 900
• C for 7 days. Both bcc Fe and L2 1 patterns are visible. (b) A SAED pattern of Fe 1.5 TiSb heat treated at 900
• C for 7 days. There are spots visible belonging to the assumed L2 1 structure, but none corresponding to bcc Fe. pattern is noticeably different for the Fe 1.5 TiSb sample-the Fe patterns is no longer present, while the L2 1 pattern is still clearly visible. It is notable that the pattern belonging exclusively to the L2 1 phase has faded, which could be attributed to the presence of Fe vacancies in the L2 1 lattice, which would also be consistent with Fe precipitation.
The magnetic properties of the Fe 1.5 TiSb material are qualitatively similar to those of the Fe 2 TiSb material, with a smaller amount of the Fe-rich phase (∼1.5%). Magnetization versus field characteristics at T = 5 K, Fig. 10 , again suggests paramagnetic behavior of the dominant L2 1 phase plus weak ferromagnetism from the small concentration of Fe-rich grains segregated at the grain boundaries. Coercivity in the low-temperature regime is approximately 2 kA/m for Fe 2 TiSb sample, as shown in the inset of Fig. 10(a) . Magnetic measurements up to 7200 kA/m for this sample shows no sign of saturation of the magnetization at T = 5 K, whereas at T = 300 and 400 K the magnetization is nearly saturated with only 100 kA/m. Figure 10(b) shows the temperature-dependent magnetization, measured in similar conditions as the Fe 2 TiSb sample. As in that case, the temperature dependence appears to be a superposition of weak paramagnetism of the dominant Fe 1.5 TiSb phase and a small ferromagnetic component due to the Fe-rich segregations at the grain boundaries. The magnetization does not change significantly over the whole temperature range, aside from the upturn in temperatures below 10 K. Due to the smaller concentration of Fe-rich precipitates in the Fe 1.5 TiSb sample (estimated as ∼1.5%), the maximum magnetization measured is much smaller than for the Fe 2 TiSb sample [ Fig. 10(b) inset].
C. FeTiSb
Finally, the half-Heusler FeTiSb composition was expected from our theoretical survey to also have a negative energy of formation and to be a near half-metallic compound. As-cast samples of nominal composition FeTiSb were prepared and heat treated in a similar fashion to the previous samples. Microstructural analysis on samples annealed to 900
• C for 7 days shows that the material in fact decomposes into two separate phases. One is again the iron rich Fe 1.5 TiSb phase, but with a significant presence of a Ti-Sb rich phase. Figure 11 displays optical and SEM micrographs. The composition of the Ti-Sb rich phase was found by EDS to be approximately Sb 1.8 Ti 1.5 Fe. While once again the dominant phase is Fe 1.5 TiSb, in previous cases it was excess Fe, which segregated to the grain boundaries. In contrast, in this case, excess Ti and Sb have formed a new granular phase, indicating that the level of solubility of the dominant phase for Ti and Sb might be less than its solubility level for Fe. Figure 12 shows XRD pattern of the sample. It clearly indicates the presence of the L2 1 phase again, which originates from the Fe 1.5 TiSb grains, as well as small yet-unidentified peaks at low angles, which are presumably attributable to the Ti-Sb rich grains. The relative peak intensities in this case are probably a reflection of an induced texture in the sample.
Magnetization versus field of the FeTiSb sample, illustrated in Fig. 13 , has a similar behavior to Fe 1.5 TiSb. We again attribute the paramagnetic response to the Fe 1.5 TiSb phase, but in this case the contribution we attribute to the precipitates is different. Comparing the magnetization results from Fe x TiSb (x = 1,1.5,2) samples, the common presence of the stable and weakly paramagnetic Fe 1.5 TiSb phase is apparent, with a varying ferromagnetic contribution of Fe-rich precipitates for Fe 2 TiSb and Fe 1.5 TiSb samples and TiSb-rich phase for the case of FeTiSb. Magnetization versus temperature (Fig. 13) gives a similar conclusion: ferromagnetic precipitates give a slowly-varying contribution to the magnetization.
In order to verify the nature of magnetization versus temperature upturn for T < 10 K, field-cooling (FC) and zero-field-cooling (ZFC) measurements were performed to check for the presence of superparamagnetism in the samples, which would help determine if observed paramagnetism is indeed due to the dominant Overall, one concludes at this point that regardless of the starting composition, it is the Fe 1.5 TiSb phase that is most stable, and it appears to dominate after heat treatment. This phase crystallizes in the L2 1 structure, albeit one with iron sites which are approximately 2/3 to 3/4 occupied, and seems to exhibit weak paramagnetism. Starting from an Fe-rich composition leads to segregation of excess Fe to grain boundaries of the Fe 1.5 TiSb grains, while starting from an Fe-poor composition leads to a secondary Ti-Sb-rich phase appearing. The main question to be addressed from a theoretical point of view is whether the greater stability of the Fe 1.5 TiSb phase compared to FeTiSb or Fe 2 TiSb can be explained, whether its existence in a (defective) L2 1 or related structure can be explained, and whether one expects it to be nonmagnetic.
V. CLUSTER EXPANSION: FE-DEFICIENT, HEUSLER-BASED STRUCTURES
The experimental work described in Secs. III and IV makes clear that the lowest energy structure in the Fe-Ti-Sb system is based on the L2 1 structure. It is also clear that it is not simply a Fe 2 TiSb full-Heusler compound, and specifically, it is Fe deficient. Given this experimental input, we performed a binary cluster expansion (CE) of Fe and vacancies (hereafter, a vacancy is indicated as ) on the Fe sublattice of the Fe 2 TiSb L2 1 structure in an attempt to explain the predisposition of the Fe-Ti-Sb to tolerate Fe deficiency. We calculated the formation energy H f (per mixing site) of a compound with composition Fe x 2−x TiSb with respect to the end members Fe 2 TiSb and 2 TiSb using
where all the required energies are calculated using density functional theory (DFT). The parameters used for all calculations, and other details are discussed in Appendix A. We fit a binary CE to the formation energies calculated using Eq. (4) by minimizing the sum of squares of the residuals. We generated new structures, used their formation energies in the fit, and added terms to the CE until the cross-validation (CV) score was minimized, and adding further structures resulted in overfitting (see Appendix B for further details). We found a well-converged CE, with a CV score of ∼ 20 meV/mixing atom by using 66 Fe x 2−x TiSb structures and their formation energies in our fit (Fig. 15) . We searched for ground states by computationally scanning through >10 3 structures, which corresponds to a complete enumeration of all possible Fe/ orderings with <20 atoms per cell [21] . Out of this extremely large configuration space, we predict a novel, stable ground state phase with a composition Fe 1.5 TiSb, i.e., between the full-Heusler and half-Heusler compositions, belonging to the trigonal R3m space group, and with a formation energy of −0.223 eV/mixing atom. This structure corresponds to a FIG. 15 . Energies of 66 different arrangements of Fe and on the Fe sublattice of Fe 2 TiSb in the L2 1 structure, calculated using DFT, and those predicted by a binary cluster expansion (CE) fit to the DFT energies. The DFT convex hull is captured well by the CE, with a cross-validation error of ∼20 meV/mixing atom.
layering of the L2 1 and C1 b structures along the [111] direction of the underlying cubic lattices (see Fig. 16 ). We provide the lattice parameters and atomic coordinates of the Fe 1.5 TiSb phase in Ref. [22] .
We calculated the density of electronic states in the ground state R3m structure and find that it is a nonmagnetic semiconductor with a Kohn-Sham gap of ∼0.64 eV (see per formula unit (μ B /f.u.), and a gap in the minority spin channel (see Fig. 1 ). The half-Heusler FeTiSb compound is also a Slater-Pauling near half-metal with 17 electrons, a moment of ∼1 μ B /f.u. but with a gap in the majority spin channel (see Fig. 2 ). When the full-Heusler and the half-Heusler are layered to form the Fe 1.5 TiSb compound, there are three electrons per atom in each spin channel, and therefore a Slater-Pauling gap can exist in both spin channels. This gap in both spin channels is precisely what we observe in the Fe 1.5 TiSb compound (see Fig. 17 ), consistent with Slater-Pauling behavior of these compounds. And this opening of gaps in both spin channels seems to contribute to the stability of the R3m structure. Thus, in full agreement with experimental data, our calculations demonstrate the existence of a Fe 1.5 TiSb phase, that is, (a) stable relative to Fe 2 TiSb and FeTiSb, (b) an ordered Fe/ arrangement based on the Heusler structure, and (c) is a nonmagnetic semiconductor. The details of the cluster expansion, structural motifs in the predicted low-energy phase, and features of the electronic structure will be discussed in a future publication.
VI. DISCUSSION AND CONCLUSIONS
We investigated the structural and magnetic properties of the Fe x TiSb material system, including the half-Heusler FeTiSb (x = 1) and the full-Heusler Fe 2 TiSb (x = 2) compositions as well as the intermediate Fe 1.5 TiSb composition. In all cases, after heat treatment a dominant Fe 1.5 1.5 TiSb resulted in a single phase material with only ∼1.5% precipitates, in accordance with our initial findings and suggesting that it is the dominant phase within the entire metallurgical system. Directly synthesized Fe 1.5 TiSb was also observed to be weakly paramagnetic. The crystal structure of the Fe 1.5 TiSb material is related to the cubic L2 1 structure, with Fe in the 8c Wyckoff position and Ti and Sb in 4a and 4b positions, respectively. The main difference in contrast to the postulated full Heusler compound is the overall composition of Fe 1.5 TiSb, from which we conclude that in the 16 atom L2 1 fcc cell there should be two Fe vacancies.
Our cluster expansion calculations revealed that Fe 1.5 TiSb is a stable ground-state composition in the Fe x TiSb system, and is expected to be a nonmagnetic Slater-Pauling semiconductor. We predict the stable, zero-temperature low-energy phase to have a new, interesting structure type, with Fe/ ordering on the 8c Wyckoff sites, occurring in the R3m space group. The special stability of this structure appears to come from the formation of a gap at the Fermi energy for both spin channels, a mechanism which should apply to other Heusler systems. While experimental studies are as yet unable to draw unambiguous conclusions about the positions of the Fe vacancies to confirm the predicted R3m structure, the observed Fe 1.5 TiSb composition coupled with the nonmagnetic behavior is consistent with the hypothesized layered structure. From the XRD data, peaks which would distinguish between a defective L2 1 structure and an R3m structure are predicted to be of low intensity, making unambiguous identification of the R3m structure difficult. While the R3m structure is predicted to be the lowest energy phase, it is also possible that kinetics on the experimental time scale are insufficient to obtain a fully ordered R3m structure, and the structure experimentally observed may be a disordered state somewhere between an R3m and a defective L2 1 structure. Further theoretical studies evaluating the free energy and configurational contribution to the entropy would help clarify the situation, as would more detailed structural characterization combined with extended heat treatment.
Concerning the nonmagnetic ground state, recall that Fe 2 TiSb has a predicted Slater-Pauling state with a moment of +1 μ B per formula unit, while FeTiSb has a predicted Slater-Pauling state with a moment of −1 μ B per formula unit. The Fe 1.5 TiSb material has zero moment-in fact there is no moment on any atom in the calculated phases-a bit peculiar for Fe. Locally, however, there will be fluctuations in the concentrations of the Fe vacancies, and with these will be fluctuations in the local magnetic moments. We speculate that at finite temperature, these moments are likely to average to zero, but may also be partly responsible for the upturn in magnetization at low temperature. Further theoretical work on disordered structures would help clarify the magnetic state. All DFT [23] calculations reported in this work were performed using the Vienna ab initio simulation package (VASP) [24, 25] , with projector augmented wave (PAW) [26, 27] potentials, and the Perdew-Burke-Ernzerhof (PBE) [28, 29] formulation of a generalized gradient approximation (GGA) to the exchange-correlation energy functional. We use a constant energy cutoff of 520 eV for the plane-wave basis set, and -centered k-point meshes with a density of ∼8000k points per reciprocal atom (KPPRA). All structures were completely relaxed with respect to cell vectors and cell-internal degrees of freedom by minimizing the energy until forces on all atoms were less than 0.1 eV/nm and stresses on the cell were within a few kbar. Fe and Ti atoms were given an initial magnetic moment of 5μ B /atom in a ferromagnetic spin configuration, and then allowed to relax to electronic self-consistency.
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APPENDIX B: METHODOLOGY: CLUSTER EXPANSION
A cluster expansion for a binary alloy A x B 1−x with N lattice sites can be viewed as a generalized Ising model in which a property F for any arbitrary configuration {Ŝ i } is expressed as a linear combination of basis functions defined as the product of occupation variables of the lattice sites:
where the configuration {Ŝ i } is the vector of all occupation variables (= {Ŝ 1 ,Ŝ 2 , . . . ,Ŝ N }), and the occupation variableŝ S i = +1 or −1, depending on whether the site i is occupied by an atom of type A or type B. The expression in Eq. (B1) is essentially exact for any property uniquely determined by the atomic configuration [30] [31] [32] , if all the terms are included in the series, and by extension should hold for a truncated series, if the cluster expansion is well converged. Further, Eq. (B1) can be rewritten as
where f is a set of lattice sites (called a "cluster"). The sum is defined over all clusters f that are not equivalent by symmetry of the lattice, while the product average f is taken over all D f clusters that are equivalent to f by symmetry of the lattice. The unknown parameters {J f }, called effective cluster interactions (ECI), can then be obtained by fitting them to known values of the property F for a set of configurations, by the structure inversion method [33] [34] [35] .
The transferability of the fit to unknown configurations (i.e., those not included in the fit) is measured by a leave-one-out cross-validation (CV) score, defined as The set of clusters and ECI that minimizes the CV score is termed the optimum cluster expansion. The usefulness of the cluster expansion approach relies on the ECI being rapidly decreasing functions of the number of sites and intersite separation, so that only a few clusters can be included in Eq. (B2) without a significant loss in accuracy. The cluster expansion reported in this work was constructed using the implementation in the maps utility of the Alloy Theoretic Automated Toolkit (ATAT) [22, 35, 36] .
